Abstract: Inositol is a cyclic polyol naturally occurring as seven optically inactive stereoisomers and one enantiomeric pair. Within the human body, brain is the most saturated organ of inositol, mainly with myo-and scyllo-inositol. One of the molecular mechanisms for the maintenance of inositol brain levels is active transport via stereospecific carrier molecules -one hydrogen myo-inositol transporter (HMIT) and two sodium myo-inositol transporters (SMIT1 and SMIT2). In this study, we modeled by homology the myo-inositol transporter SMIT1 using the X-ray structure of Vibrio parahaemolyticus sodium/galactose symporter (vSGLT) as a template. A set of inositol derivatives -strong and weak competitors of inositol transport -was docked in the SMIT1 binding site. The docking protocol was optimized in terms of scoring function, radius of the binding site and flexible residues inside to distinguish between strong and weak competitors. The analysis of ligand -transporter interactions revealed that tiny structural differences exist between strong and weak competitors. Both groups have almost equal number of hydroxyl groups but the strong competitors are able to form more hydrogen bonds with the transporter (5.07 vs. 4.53 per molecule) and take part in less hydrophobic interactions (0.6 vs. 0.73) than the weak competitors.
INTRODUCTION
Inositol is a cyclic polyol naturally occurring as seven optically inactive stereoisomers and one enantiomeric pair [1] . Commonly found in nature are myo-, scyllo-, chiro-and epi-inositol, whereas myo-Inositol is a component of all eukaryotic cells and is the most widespread isomer [1] . Within the human body, brain is the most saturated organ of inositol, mainly with myo-and scyllo-inositol [2, 3] . Their concentration in the brain is about 100-fold greater than the circulating levels [1, 4] . Both isomers are endogenously found [2, 3] . Inositol in the body is formed mainly in kidneys, but brain, testis and liver also synthesize it [5, 6] . In brain, inositol can be provided via in situ transformation of glucose only by endothelial cells and via entering through the blood-brain barrier and blood-CSF barrier. One of the molecular mechanisms for the maintenance of inositol brain levels is active transport via stereospecific carrier molecules -one hydrogen myo-inositol transporter (HMIT) and two sodium myoinositol transporters (SMIT1 and SMIT2) [7] [8] [9] [10] [11] [12] .
Inositol is extensively studied as a therapeutic agent during the last decades. Preliminary studies showed effective treatment with myo-inositol in cases of psychiatric disorders such as depression, panic, obsessive compulsive disorder [13] [14] [15] [16] [17] [18] [19] . Recently, it has been found that scyllo-inositol successfully inhibits the growth of A amyloid plaques and cognitive deficits in TgCRND8 mice which show many of the hallmark features of Alzheimer's disease (AD) [20, 21] . Currently scyllo-inositol is in human clinical trials for the treatment of AD [22] . [23] . The members of this family consist of 11 to 15 transmembrane domains in -helical conformation arranged around of a large cavity with extra-and intracellular hydrophobic gates [24] . The solute and Na + are bound in the center of this cavity. During the transport process, the carrier passes through several conformational states [25] . Initially, the transporter free of substrate and Na + resides in a closed state. Na + binding turns the transporter to outward-open conformation and opens the substrate-binding site. The substrate binds to its site and this in turn closes the external gate, without changes to the external vestibule (outward-occluded state). The next step involves the closure of the external vestibule to form a fully occluded state. The substrate release begins with exposure of the substrate vestibule to the intracellular environment (inward-occluded state). Once Na + is released, the internal gate opens to permit substrate release (inward-open state). Finally, the internal vestibule closes and the transporter returns to its initial unbound state. According to White's classification of membrane proteins of known 3D structure [26] , the SSS family is presented in Protein Data Bank [27] by only one X-ray structure -the Vibrio parahaemolyticus sodium/galactose symporter (vSGLT, pdb code: 3DH4) [28] . In this structure, the symporter is in an inward-facing conformation with the substrate bound inside the cavity. This conformation is quite appropriate for docking studies as it locates the substrate binding site and indicates the substrate bound conformation.
In this study, we modeled by homology the myo-inositol transporter SMIT1 using the X-ray structure of vSGLT as a template. A set of inositol derivatives -strong and weak competitors of inositol -was docked in the SMIT1 binding 
MATERIALS AND METHODS

Homology Modeling of Myo-inositol Transporter SMIT1
The myo-inositol transporter SMIT1 was modeled by homology using the SWISS-MODEL tool of the ExPASy web server [29] . The SMIT1 sequence (uniprot code: P53794) was input as a target sequence and the X-ray structure of vSGLT (pdb code: 3DH4) was uploaded as a template. As the vSGLT structure was a homo-tetramer, the modeled SMIT1 structure was also consisted of four identical monomers. Only one monomer (chain A) was used in the docking simulations. The geometry of modelled monomer protein was optimized by OPLS (Optimized Potentials for Liquid Simulations) molecular field at the following settings: dielectric constant 78; 0.5 and 0.125 scale factors for electrostatic and van der Waals interactions, respectively; steepest descent algorithm with RMS gradient of 0.1 kcal/Åmol. The optimized geometry was subjected to MD simulation in water at 310ºK for 1 ns using YASARA force field [30] .
Dataset of SMIT1 Substrates
A set of 30 SMIT1/2 ligands was collected from the literature [31] and used in the docking studies. The set consisted of 15 inositol isomers, 6 hexoses, 2 pentose sugars and 7 scyllo-inositol derivatives which may serve as competitive substrates, inhibitors or allosteric effectors in inositol transport. The structures are given as Appendix 1. Originally, the myo-inositol- (2- 3 H) and scyllo-inositol-(2-3 H) transports were tested in the presence or absence of these compounds and it was found that myo-inositol, scyllo-inositol,
-azide-1-deoxy-scyllo-inositol and 1-deoxy-scylloinositol significantly depressed the transport. At concentrations of 10 mM, they decreased the [ 3 H]myo-inositol counts per minute (cpm) up to 12,000. These molecules were defined as SMIT1 strong competitors. The remaining compounds were defined as weak competitors. We assume that all the compounds that were tested bind in approximately the same area of the transporter and that allosteric modulators would not be identified by the approach reported in this manuscript.
Molecular Docking Protocol
The molecular docking was performed by GOLD v. 5.1 (CCDC) [32] . The docking protocol was optimized in terms of scoring functions, radius of the binding site and flexible amino acids in the binding site. No water molecules exist in the substrate binding site. Four scoring functions were assessed: ChemPLP, ChemScore, GoldScore and ASP. Five radii of the binding site (6Å to 10Å) and up to 10 flexible amino acids inside were tested. Each run generated 50 docking poses. The poses were ranked according to the highest fitness score. Each docking run was repeated three times and the average fitness score was considered. At each step, the goodness of docking was assessed by the ratio (R) between the average scores of strong and weak competitors. As higher is the R value as better the docking protocol distinguishes between strong and weak competitors.
Visualization
The interactions between the ligands and SMIT1 protein were visualized by YASARA v.12.11.25 [30] . Two types of interactions were considered: hydrogen bonds and hydrophobic interactions. For visualizing of hydrogen bonds, an extended selection was used to include all hydrogen bonding partners of the bound ligand. The hydrophobic interactions are shown at distances below 5.0 Å.
RESULTS AND DISCUSSION
The X-ray structure of Vibrio parahaemolyticus sodium/galactose symporter (vSGLT, pdb code: 3DH4) was used as a template for the homology modeling of myoinositol transporter SMIT1. The template is a homo-tetramer but the transporter proteins function as monomers. Thus, only chain A was used in the modeling. The modeled SMIT1 had 39.86% sequence identity within the range 42 -533 residues with the template. The GMQE and QMEAN4 scores were 0.57 and -13.97, respectively. Although the negative QMEAN4 global score, the substrate binding site had positive local scores (Appendix 2) allowing to use the modeled protein in docking simulations. Additionally, the geometry of the modeled protein was optimized by MD simulations for 1 ns and the RMSD was 7.141Å over 3797 matched non-hydrogen atoms. The RMSD values for the gates residues Leu68, Trp82, Tyr275 and Tyr438 were 0Å. Ramachardan plot is provided as Appendix 3. Similarly to vSGLT, the modeled protein consists of 14 membrane spanning helices (TM) with extracellular amino-and carboxytermini. The structural core is formed from inverted repeats of 5 TM helices (TM2-TM6 and TM7-TM11) placing it in an inward facing conformation. The extracellular gate in SMIT1 is formed by residues Leu68, Trp82 and Tyr438 which corresponds to Met73, Tyr87 and Phe424 in vSGLT [28] (Fig. 1) . The intracellular gate is shaped by one residue Fig. (1) . Complex of myo-inositol and modeled SMIT1; External gate residues (in gray), internal gate residues (in black) and bound myo-inositol (in ball-and-stick) are shown. 
t F o r D i s t r i b u t i o n
-Y275 corresponding to Y263 in vSGLT [28] . myo-Inositol, by analogy to galactose, was docked in the center of the core using the same coordinates. The modeled structure of SMIT1 with docked myo-inositol is shown in (Fig. 2) .
The set of 30 SMIT1/2 ligands consists of 15 strong and 15 weak competitors. The ligands were docked in the modeled SMIT1 and the protocol was optimized stepwise. The ratio R between the average scores of strong and weak competitors was used as a criterion for the goodness of docking. Initially, the protocol was optimized in terms of scoring function. Four scoring functions as implemented in GOLD were tested: ChemPLP, ChemScore, GoldScore and ASP. The docking was performed at the following settings: rigid protein, flexible ligand, radius of binding site 9Å. The R values are given in Table 1 .
Two scoring functions, ChemScore and ASP, gave slightly higher scores for the strong competitors than for the weak ones (R > 1). Next, both of them were used to optimize the docking protocol in terms of the radius of the binding site. Five radii were tested -from 6Å to 10Å -at rigid protein and flexible ligand. The R values are given in Table 2 . It is evident that ChemScore distinguishes better between strong and weak competitors than ASP at 7Å -10Å. These settings were used further in the docking optimization.
At the final step, the docking protocol was optimized in terms of the number and position of flexible amino acids in the binding site. The initial set of flexible amino acids contains only those forming the extra-and intracellular gates of the transporter: residues Leu68, Trp82, Tyr275 and Tyr438 (Fig. 1) . The flexibility of these residues changes the R values. The R values for ASP decreased and this scoring function was not considered further in the optimization. The R values for ChemScore slightly decreased at 8Å but increased at 7Å and 9Å ( Table 3) .
Apart from these four residues forming the gates, the ligands make contacts with several other residues from the binding site. The effect of flexibility of these additional residues on the discrimination between strong and weak competitors was tested gradually applying ChemScore at 7Å, 8Å and 9Å at different combinations of flexible residues in the binding site. The best combinations are given in Table 4 . Fig. (2) . Complex of myo-inositol and modeled SMIT1; Protein is given as ribbon, substrate -as sticks. 
t i o n
All of the best combinations of flexible residues operate in a binding site with 9Å radius. The highest value of 2.190 for R was achieved when the following residues were flexible: Leu68, Trp82, Tyr275, Tyr438, Asn85, Thr269 and Trp276. Further addition of flexible residues decreases R (data not shown). The combinations of flexible residues in binding sites with 7Å and 8Å give lower values for R. In short, the final settings of the optimized docking protocol used to discriminate between strong and weak inositol competitors were: scoring function ChemScore, radius of the binding site 9Å, flexible ligand and seven flexible residues in the binding site as listed above. At these settings, the strong competitors show an average score two times higher than the average score of the weak competitors.
To analyze the interactions between ligands and SMIT1 protein, each complex was visualized in YASARA. As the inositol competitors are polyols containing different number of methyl groups, only two types of interactions were considered -hydrogen bonds and hydrophobic interactions. The average hydroxyl groups are 5.13 per molecule for the strong competitors and they form 5.07 hydrogen bonds in average, while the average hydroxyl groups for the weak competitors are 4.93 per molecule and they form 4.53 hydrogen bonds in average. The weak competitors are not able to implement all their hydroxyl groups into hydrogen bonds with the transporter. Additionally, the average hydrophobic interactions per molecule are 0.60 for the strong and 0.73 for the weak competitors at almost the same number of methyl groups. These tiny differences between weak and strong competitors indicate that SMIT1 is very sensitive to even small changes in ligand structure. Substrate transport of labeled myo-and scyllo-inositol showed that the transport of scyllo-inositol is substantially slower despite the recognition of both substances with similar affinity [31] .
The main SMIT1 residues involved in the hydrogen bond formations are Gln59, Glu63, Trp82, Glu83, Tyr438 and Gln442 (Fig. 1) . Tyr438 and Gln442 interact with the ligand hydroxyl groups at C1 and C2; Gln59, Glu63 and Glu83 interact with the hydroxyl groups at C3, C4 and C5. Additionally, Trp82 and Ser272 form hydrogen bonds with Dononitol, and Asn85 interacts with D-pinitol. The complexes with the highest and lowest ChemScores are superposed in (Fig. 3) . The former complex is 1-deoxy-scyllo-inositol -SMIT1 and the latter -L-ribose -SMIT1. The ligand 1-deoxy-scyllo-inositol is a strong competitor, L-ribose -a weak competitor. The competitors take close but nonoverlapping positions. Fig. (4) . The strong competitor 1-deoxy-scyllo-inositol (black) takes part in five hydrogen bonds with Trp82, Glu83, Ser272 and Gln442 (dotted lines) and in one hydrophobic interaction with Trp276 (gray line).
The strong competitor 1-deoxy-scyllo-inositol takes part in five hydrogen bonds with Trp82, Glu83, Ser272 and Gln442 and in one hydrophobic interaction with Trp276 (Fig. 4) . The weak competitor L-ribose forms four hydrogen bonds with Asn59 and Glu63 and one hydrophobic interaction with His64 (Fig. 5) . In short, the strong competitors are able to form more hydrogen bonds with the transporter (5.07 vs. 4.53) and take part in less hydrophobic interactions (0.6 vs. 0.73) than the weak competitors. The strong and weak competitors take close but non-overlapping positions in the transporter binding site. These tiny structural differences in closely related inositol derivatives strongly affect the substrate -SMIT1 interactions.
CONCLUSION
The structure of myo-inositol transporter SMIT1 was modeled by homology for the first time using the X-ray structure of Vibrio parahaemolyticus sodium/galactose symporter (vSGLT) as a template. A stepwise docking protocol was developed to dock a set of inositol derivatives transported by SMIT1. The protocol was optimized to discriminate between strong and weak inositol competitors. The modeled complexes revealed that the strong competitors make more hydrogen bonds with the protein than the weak ones at almost equal number of hydroxyl groups per molecule. Additionally, the strong competitors are involved into less hydrophobic interactions with SMIT1 than the weak competitors at almost the same number of methyl groups per molecule. 
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